Objectives-The traditional activation ratio divides contracted muscle thickness by resting muscle thickness while an abdominal draw-in maneuver is performed during hook lying. Ultrasound imaging during function, such as standing or gait, or peak knee flexion in a single-leg squat allows for further visualization of muscle activity. The goal of this study was to examine activation ratio calculations for transverse abdominis function in supine versus loaded conditions to determine the most informative normalization strategy for muscle activity based on thickness values.
Objectives-The traditional activation ratio divides contracted muscle thickness by resting muscle thickness while an abdominal draw-in maneuver is performed during hook lying. Ultrasound imaging during function, such as standing or gait, or peak knee flexion in a single-leg squat allows for further visualization of muscle activity. The goal of this study was to examine activation ratio calculations for transverse abdominis function in supine versus loaded conditions to determine the most informative normalization strategy for muscle activity based on thickness values.
Methods-Transverse abdominis thickness was measured via ultrasound in 35 healthy participants under 4 different conditions. Comparisons were made between the traditional activation ratio tabletop, standing activation ratio (standing abdominal draw-in maneuver thickness/quiet standing thickness), and functional activation ratio (single-leg squat thickness/quiet standing thickness). Additionally, a cued activation ratio (single-leg squat with cued abdominal draw-in maneuver thickness/single-leg squat thickness) during the single-leg squat was obtained. Activation ratios of greater than 1.0 indicated that participants could activate the muscle during activity, and values were compared by analysis of variance.
Results-The participants included 23 women and 12 men with a mean age 6 SD of 21.3 6 2.7 years, mass of 66.1 6 14.4 kg, and height of 168.5 6 10.1 cm. Activation ratios exceeded 1.0 in 94.3% for the traditional activation ratio, 85.7% for the standing activation ratio, 82.9% for the cued activation ratio, and 82.9% for the functional activation ratio. With groups defined as tabletop activated or not, the standing, cued, and functional activation ratios were all significantly different (all P < .05).
Conclusions-Normalizing muscle thickness to the corresponding functional position quiet value provides a useful functional activation ratio and may help clinicians better understand the transverse abdominis role during complex functional tasks. Assessment techniques using various formulas for activation ratios reveal that the muscle functions differently during weight bearing compared to traditional measures.
Key Words-abdominal wall; kinesiology; musculoskeletal; sports medicine/ orthopedics; ultrasound T he activation ratio is commonly used to normalize the muscle size to its resting thickness and is used to characterize the ability to recruit the muscle. The traditional activation ratio is most often reported and divides the ultrasound (US) thickness during the abdominal draw-in maneuver by its resting thickness in a tabletop hook-lying position. 1 The advancement of US units and wireless capabilities has allowed for clinicians and researchers alike to use this tool in more functional ways. Allowing a visual representation of muscle activity during a functional loaded task provides a more comprehensive outlook on overall muscle function.
Muscle thickness as measured with US imaging is used frequently in the literature as an assessment technique to determine muscle activity, such as the transverse abdominis. [1] [2] [3] [4] [5] [6] [7] [8] The transverse abdominis is considered an important contributor to local spinal stabilization and has been shown to be dysfunctional in individuals with chronic low back pain. 6, 8 The transverse abdominis contracts in a preparatory manner and is activated during an abdominal draw-in maneuver. 1, [9] [10] [11] The measurement of muscle thickness from the inferior portion of the most superior fascial border to the superior portion of the most inferior fascial border is effective for the transverse abdominis 12 in various positions, including tabletop, sitting, standing, and even while walking on a treadmill. 3, 12 The ability to quantify the activity of the transverse abdominis during more functional tasks that often provoke pain in patients with chronic low back pain 13, 14 and other chronic lower extremity conditions 15 would be paramount in allowing clinicians to get an in-depth yet noninvasive view of the transverse abdominis. The continuous improvement of the US instrumentation must be matched with our ability to normalize, process, and understand the information gained from this instrument. However, normalizing a change in muscle size to the resting supine muscle thickness may not be appropriate because the cross-sectional area may be influenced by position. Likewise, using a "contracted" versus "relaxed" muscle thickness ratio during functional tasks may not be as useful in interpretation of muscle activity, since it is difficult to discern when or whether the patient is performing an abdominal draw-in maneuver while weight bearing. The purpose of the activation ratio is to determine whether the patient can contract or isolate the transverse abdominis; determining the normalization strategy is essential for documenting how the muscle functions during specific tasks. The interpretation of pure thickness measures presents other assumptions and limitations within US imaging research. Normalizing these thickness values to either a standardized position across participants or another universal state is paramount. This process bypasses the assumption that all participants can perform the contraction of choice and allows for a streamlined result of mechanical changes in muscle activity. Using US imaging as another demonstrative mode of muscle activity can be very helpful in providing a visual representation of this activity. The potential for application is great and can provide a tangible method for clinicians and researchers alike to understand more about deep muscle activity.
Electromyography often normalizes to the output obtained during a quiet stance, with the understanding that there is a certain amount of activity required to maintain the stance. With US, the muscle is visualized, and the cross-sectional area or muscle thickness is measured. In a quiet stance, the shape and relative size of the muscle may be different than in the supine position because of compression of other organs, gravity, or resting tone in the muscle. Furthermore, examining how muscle thickness changes during a functional task, such as a single-leg squat, would give a more adequate idea of the individual's muscle activity capacity beyond quiet standing. Previous studies have used a verbal cue for the individual to contract the transverse abdominis through an abdominal draw-in maneuver 5, 16 during functional positions, and that ratio has been reported as the outcome (thickness during a verbal cue divided by thickness without the cue). That method assumes an understanding and ability for the patient to adequately perform the abdominal draw-in maneuver during weight bearing. The idea of holding an abdominal draw-in maneuver contraction at the same capacity throughout a variety of functional tasks may also be unrealistic for expectations of clinicians and patients, alike.
Determination of the most appropriate method for processing and subsequently interpreting changes in thickness measures to best describe transverse abdominis function is of the utmost importance in using US to characterize muscle function during weight-bearing tasks. Some degree of muscle activity may already be present in the transverse abdominis once an individual moves off the tabletop and into a more dynamic movement, such as a single-leg squat, and quantifying that activity beyond a verbal cue for an abdominal draw-in maneuver as contracted or rested becomes important for clinicians and patients. Therefore, the purpose of this study was to examine the differences in transverse abdominis activity as calculated via traditional, normalized functional, and cued activation ratios in healthy, recreationally active participants during a single-leg squat.
Materials and Methods
Participants Thirty-nine adults were recruited from a university setting and screened for participation in the study, and 35 healthy active individuals ultimately participated. Any lumbopelvic hip, lower extremity injury, or surgery within the past 12 months excluded individuals from participation in this study, including chronic low back pain. Approval for this study was obtained from the university Institutional Review Board for Human Subjects Research, and informed consent was obtained from all participants.
Ultrasound Imaging Protocol
An Acuson Freestyle US unit (Siemens Medical Solutions USA, Inc, Mountain View, CA) with a 3.0-8.0-MHz linear array transducer was used for all B-mode US image collection with a footprint of 38.4 3 5mm. All images were collected and processed by a single investigator, who was an athletic trainer with 1 year of imaging experience (K.H.). Before collection of images, the participant was placed supine on a table with a bolster to support a hook-lying position. The participant was instructed in performance of the abdominal draw-in maneuver with standardized instructions to draw the umbilicus toward the spine and tabletop and was allowed to practice the contraction no more than 3 times before beginning tabletop collection. This verbal cue for the participant to perform the abdominal draw-in maneuver produced the images that created the contracted measure for the traditional activation ratio, for which the contracted image thickness of the transverse abdominis served as the numerator with the rested tabletop transverse abdominis thickness as the denominator, as outlined in Table 1 . Gel was applied to the lateral abdominal wall; the transducer was placed approximately 10 cm lateral to the umbilicus along the midaxillary line; measures were obtained as previously described. 17 On completion of cued tabletop measures bilaterally (3 rested and 3 contracted images per side), the participant was instructed to stand with arms relaxed at his or her sides, and the transducer was fixed with a foam block and elastic belt in the same area on the lateral abdominal wall as in the tabletop position (Figure 1) . The rested and contracted images with a cued abdominal draw-in maneuver were repeated in a double leg stance; this measure became the standing activation ratio. The final position for image capture was during a single-leg squat, in which images were captured at peak knee flexion of the squat, without a cued contraction. Measures of the transverse abdominis were taken on the same side as the stance leg and then repeated while a verbal cue was given to perform an abdominal draw-in maneuver during the task. All measures were taken on the right side first, followed by the left, in all positions for all participants. This task resulted in 2 dependent variables: the functional activation ratio, in which the cross-sectional thickness was normalized to the thickness in quiet standing; and the cued activation ratio, in which the thickness during the cued abdominal draw-in maneuver during the single-leg squat was normalized to the thickness during the single-leg squat without the abdominal draw-in maneuver (Table 1) . Once all images were collected, they were saved on an external hard drive and processed with ImageJ version 1.48 software (National Institutes of Health, Bethesda, MD) at a later date. Muscle thickness was measured in centimeters from the superior to inferior fascial border of the transverse abdominis at the thickest portion of the muscle on each image.
Statistical Analyses
All statistical analyses were conducted with SPSS version 22.0 software (IBM Corporation, Armonk, NY). Descriptive statistics for each activation ratio formula were generated, and a 1-way analysis of variance (ANOVA) was used to compare activation ratio calculation methods. P < .05 was considered significant.
Results
The participants included 23 women and 12 men with a mean age 6 SD of 21.3 6 2.7 years, mass of 66.1 6 14.4 kg, and height of 168.5 6 10.1 cm. Table 1 summarizes the means and standard deviations for each sideaveraged activation ratio for each position. Percentages of activation beyond the threshold of 1.0 (indicated by a larger numerator dependent on activation ratio used) are also included. The traditional cued activation ratio had the highest percentage of individuals (94.3%) who reached an activation ratio of greater than 1.0; the standing activation ratio was slightly lower (85.7%); and the functional and standing cued activation ratios had the same percentage beyond the threshold (82.9%). However, the 82.9% that made up each of the functional and cued activation ratio activators were different participants in the sample. Since the traditional activation ratio is well established for determining the ability to activate the transverse abdominis, groups were constructed as "activated" or "not activated" on the basis of that measure. Table 2 outlines 1-way ANOVA results between the activated and not-activated groups. The standing, cued, and functional activation ratios were all significantly different between groups (all P < .05).
Discussion
In our sample, the traditional activation ratio based on tabletop measures demonstrated that 94.3% of participants were able to isolate and activate the transverse abdominis during a cued abdominal draw-in maneuver.
We expected a high percentage in this healthy sample, and our results were similar to others. 1, 17 However, based on the normalization method for muscle thickness (supine quiet standing or while performing a task without verbal cuing), varied information was provided on transverse abdominis activity during weight bearing positions.
The abdominal draw-in maneuver is commonly used to preferentially activate the transverse abdominis, 10 and its use in rehabilitation programs to target the transverse abdominis is prevalent in the literature and in clinical practice. 1, 5, 16, 18 Addressing the clinical application of an isolated contraction of the transverse abdominis can be useful especially when incorporating US imaging as the measurement mode for muscle activity. Biofeedback techniques have used US as a means to communicate visually to patients what the muscle should look like in a relaxed, contracted, or more supportive state. 19, 20 Focusing on the transverse abdominis alone through an abdominal draw-in maneuver especially in more functional positions may be the first step in exploring transverse abdominis activity during more dynamic movements, as the reliability of these measures has already been established. 3 We constructed groups of activated versus not activated on the basis of performance during the traditional activation ratio calculation, and there were only 2 individuals in our healthy sample that became the not-activated group. These 2 participants were not able to activate under any of the other conditions either, which was expected, since tabletop muscle activity via thickness changes should precede activity in a functional or loaded position.
The standing activation ratio replicates the traditional tabletop procedure using a standing position. It was expected that there would be fewer individuals who could activate their transverse abdominis in this position because performing the abdominal draw-in maneuver during standing would be more difficult. Previous studies have suggested and showed reliable results when using a method of verbally cuing the abdominal draw-in maneuver during functional tasks. 3 However, in more difficult tasks such as a single-leg stance, gait, and the single-leg squat, it may be difficult to determine changes in thickness that are the result of the abdominal draw-in maneuver compared to normal recruitment of the muscle necessary to perform the task. As shown for the cued activation ratio during the single-leg squat, the ability to "activate," and thus increase the size more than without the abdominal draw-in maneuver during the task, varied compared to the other measures. The inconsistency of this method was seen when some individuals were activated for the cued activation ratio during the single-leg squat but were not activated while standing.
The development of an activation ratio that mirrors a normalization strategy to resting muscle thickness in a quiet stance as the denominator allows us to better understand how the muscle functions during weightbearing activities. The proposed functional activation ratio presents a normalization strategy that is similar to electromyographic activation-processing methods. This mechanism normalizes to the muscle size and contraction needed for a quiet stance compared to the thickness of the muscle during the task, regardless of whether the individual consciously contracts the transverse abdominis. Our data support a progression in which individuals who are activated during the traditional method and can activate their transverse abdominis during standing may or may not be able to activate the muscle during a functional task and may be representative of the progression of difficulty in the task. This normalization strategy will allow for an advancement that reflects the use of functional positions/tasks and wireless technology in future research.
We know that function of the transverse abdominis is imperative for stabilization of the spine and is particularly important during functional tasks; however, the prospect of an individual being able to contract the transverse abdominis continuously through a functional task, even beyond a single-leg squat, is fairly low. For example, asking someone to perform an abdominal draw-in maneuver before a single set of a tabletop exercise versus maintaining that contraction through a half marathon presents an extremely different demand. The notion of the abdominal draw-in maneuver as an automatic behavior is ideal but may not be practical. Identification of someone's ability to contract the transverse abdominis beyond a baseline tabletop condition or even baseline quiet standing may be important for discerning how low back pain develops and could be a key factor in rehabilitation.
The functional activation ratio can be used to identify individuals that may not be able to contract their transverse abdominis in various positions. Our ANOVA revealed that in individuals differentiated by the ability to contract the transverse abdominis in the tabletop condition had varying ability to contract the muscle during weight bearing. The inability to activate the muscle in various positions could potentially be revealed as a risk factor for low back pain with a level of dysfunction that is not on the general low back pain radar of disability. Due to the prevalence of low back pain in society, and its recurrence, examining muscle activity in a variety of ways is the natural next step. The use of a value that shows muscle activity during a task in a more functional position than supine on a tabletop or standing quietly allows for further understanding and opens the possibility for more advanced biofeedback and training as a patient progresses. Future research could also explore the external and internal oblique muscles, as they are also visible in this view of the lateral abdominal wall and have the potential for including surface electromyography as an adjunctive method of muscle activity measurement for comparison.
This study was not without its limitations, including the fact that the results of this study can only be generalized to a healthy active population. An exploration of using this functional ratio in a pathologic group of participants with chronic low back pain or as part of a biofeedback technique would also provide more information on the utility of the ratio. The newly proposed functional activation ratio also has not been used in as many other studies as the traditional activation ratio of contracted or rested muscle thickness using an abdominal draw-in maneuver, regardless of position. Although the addition of another activation ratio that allows for use during a more dynamic task and provides an understanding of muscle thickness changes beyond quiet stance or tabletop measures is important, it needs to be applied to a larger population. The use of the functional activation ratio in pathologic groups, such as patients with low back pain, or in other muscles that may be important to other chronic musculoskeletal conditions is very important for subsequent phases of research, prevention, and overall improvement of clinical practice.
In conclusion, the functional activation ratio provides a novel approach to assessing muscle thickness in increasingly functional positions and tasks. Intervening at different stages, based on present impairments, rather than using a generic protocol could give clinicians and researchers an improved method of visualizing activity and teaching patients how to stabilize their spine more effectively.
